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P r o j e c t  Object ives:  To evaluate the  techn ica l  and economic f e a s i b i l i t y  o f  
i nco rpo ra t i ng  thermal energy storage components ( p r i m a r i l y  based on the  
annual cyc le )  i n t o  t h e  d i s t r i c t  heat ing  system proposed f o r  t he  Minneapol i s -  
S t .  Paul metropol i tan  area. 
P r o j e c t  Status: Completed. 
GE79TMP-44). 
F i n a l  r e p o r t  submitted J u l y  1979 (ORNL/Sub-2604-2; 
The n e t  energy savings of t he  proposed c o g e n e r a t i o n / d i s t r i c t  heat ing 
system w i thou t  TES a re  impressive. When TES i s  used, t he  n e t  energy saved 
i s  found t o  be 2 t o  14 percent greater ,  i n  s p i t e  o f  heat  l o s t  du r ing  storage, 
w i t h  f u e l  cos t  savings o f  $14 t o  $16 m i l l  i o n  per  year .  Reduction o f  a i r  and 
thermal p o l l u t i o n  a r e  concomitant bene f i t s .  The c a p i t a l  investment requ i re -  
ments f o r  b o i l e r s ,  cogenerat ion equipment, and t ransmiss ion p-ipelines might 
be reduced by $66 t o  $122 m i l l i o n .  The breakeven c a p i t a l  cos t  of a q u i f e r  
TES i s  found t o  be from $43 t o  $59 per  peak thermal k i l o w a t t  i n p u t  t o  o r  
withdrawal from storage. 
Contract  Number: UCC 7604 
Contract  Period: August 1978 - J u l y  1979 
Funding Level : $1 33,744 
Funding Source: U.S. Department o f  Energy, D i v i s i o n  o f  Energy Storage Systems, 
v i a  Oak Ridge Nat ional  Laboratory. 
PURPOSE 
TEMPO studies beginning i n  1972 have shown that  thermal energy storage (TES) 
in aquifers could greatly improve the opportunities fo r  conserving substantial 
amounts of energy (with concomitant reduction in environmental pol 1 ution) through 
large-scal e cogeneration (Meyer , Hausz, e t  a1 , 1976). If  1 arge-scal e annual - 
cycle TES were available,  i t  could solve the mismatch problem which 1 imits the 
amount of cogenerated heat f o r  which a market can be found. The mismatch problem 
ar i ses  because e l ec t r i c i ty  m u s t  be generated i n  instantaneous response to  demand 
(no feasible way t o  s tore  e l ec t r i c i ty  i s  available);  and demands for  heat seldom 
correspond to  e l ec t r i c  generation in time, location, or magnitude.. The largest  
potential market for  cogenerated heat i s  space heating -an annual-cycle load - 
served by d i s t r i c t  heat. 
Comparing the capital  requirements and fuel consumption of a specific cogen- 
e ra t ion/d is t r ic t  heating system which does not include TES t o  those of a system 
with TES, serving identical loads, provides a measure of the value of the TES. 
BACKGROUND INFORMATION 
A major ser ies  of studies have been undertaken to  evaluate the f eas ib i l i t y  of 
instal l ing a new, large d i s t r i c t  heating (DH) system in the Minneapol is-St.  Paul 
metropolitan area. I t  would be based upon cogeneration of power and heat by 
Northern States Power. Among the leading sponsors and participants in the studies 
a re  the Minnesota Energy Agency, Northern States Power Company, and DOE/ORNL.  
Also participating are  several other governmental agencies, u t i l i t i e s ,  univer- 
s i t i e s ,  and a number of contractors and consultants. 
The proposed new DH system would not send.out steam, as i s  the universal 
practice in large DH systems in the United States,  b u t  hot water, as i s  the common 
practice in Europe. A Swedish firm, Studsvik Energiteknik AB,  under a DOE/ORNL 
contract beginning in 1977, prepared a general description of the system and ana- 
lyzed i t s  economic f eas ib i l i t y ,  based upon the i r  experience with European systems 
(Karni t z  and Rubin, 1978; Jaehne, e t  a1 , 1979; Margen, e t  a1 , 1979a, 1979b). 
Supplying space heating, tap water, a i r  conditioning (absorption cycle),  and 
low-temperature industrial  process heat needs from a central source i s  a more 
ef f ic ien t  way to  use fuel than to  burn i t  in many small furnaces and boilers.  A 
particularly e f f ic ien t  central source i s  a plant cogenerating power'and heat. 
The configurations proposed by Studsvik for  a Twin Cit ies  DH system did not 
include TES except tha t  incidental t o  use of large hot-water pipelines: hot water 
has a high energy density, compared to  steam, and the DH system has s ignif icant  
thermal iner t ia .  
PROJECT DESCRIPTION 
Dis t r ic t  - Heating System Proposed by Studsvi k 
Figure 1 shows an annual load duration curve fo r  space heat and hot tap water 
fo r  the Twin Cit ies  DH system a f t e r  20 years of buildup. The area houses about 
one million people. Two scenarios were developed by Studsvik. Only Scenario A 
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Figure 1. Annual load du ra t i on  curve f o r  space heat, h o t  t ap  water, and p i p e l i n e  
losses, showing load s p l i t  between cogenerat ion and heat-only b o i l e r s .  
( A f t e r  Studsvi k)  
w i l l  be discussed here. It r e s t r i c t s  DH t o  t h e  downtown and industr ial /commercia1 
areas and the  dense r e s i d e n t i a l  areas. Heat l oad  dens i t i es  vary  from 20 MW/km2 
(50 Mw/mi2) t o  more than 70 ~W/km2 (180 Mw/mi2). The peak c o i n c i d i n g  consumer load 
i s  s l i g h t l y  more than 2600 thermal megawatts and heat l o s s  f rom p i p e l i n e s  i s  about 
83 thermal megawatts; 100-percent load on the  v e r t i c a l  sca le  o f  F igure 1 thus cor-  
responds t o  about 2700 thermal megawatts. The DH base load  supply i s  from cogen- 
e r a t i o n  p lants,  which would provide about 56 percent o f  t h e  requ i red  thermal capac- 
i t y  bu t  c lose t o  90 percent o f  the  thermal energy product ion. 
During w in ter t ime peak heat load condi t ions,  1188 MW o f  b o i l e r  capac i ty  would 
be requ i red  i n  a d d i t i o n  t o  1516 MW o f  t o t a l  heat product ion capac i ty  of cogenera- 
t i o n  p lan ts .  For re1 i a b i l  i ty, the  l a r g e s t  cogenerat ion p lan t ,  335 thermal mega- 
watts, i s  discounted and equ iva lent  standby b o i l e r  capac i ty  i s  added, b r ing ing  the  
t o t a l  permanent bo i  1 e r  capac i ty  t o  1523 thermal megawatts. (Temporary, por tab le  
b o i l e r s  would a l so  be used, dur ing  the  DH system bu i l dup  stage, u n t i l  hot-water 
pipe1 ines reach a1 1 heat- load areas .) 
The cogeneration heat product ion capac i ty  i s  obta ined from a t o t a l  o f  e i g h t  
turb ines,  o f  which s i x  a re  e x i s t i n g  machines a t  two Northern States Power Company 
s t a t i o n s  and two would b t  added. I n i t i a l l y ,  t h e  newest th ree  o f  t he  s i x  e x i s t i n g  
tu rb ines  would be converted from single-purpose t o  e x t r a c t i o n  machines by connect- 
i n g  a steam p ipe w i t h  appropr ia te  r e g u l a t i n g  valves t o  t h e  crossover steam l i n e  
between the  intermediate-  and low-pressure tu rb ines .  These connections and appro- 
p r i a t e  heat exchangers would provide ho t  water a t  t h e  DH sendout temperature o f  
about 146°C (295"F), w i t h  a t o t a l  capacity of 727 thermal megawatts. Next, a new 
backpressure turbine of 110 MW thermal capacity would be added, using an exis t ing 
boi ler  and building space. A few years l a t e r ,  the  oldest  three  of the  exis t ing 
turbines would be converted, t o  supply 344 MW of heat extraction.  The backpres- 
sure machine and the  three  older  machines would supply 88°C (190°F) water, w i t h  a 
to ta l  capacity of 454 MW. This intermediate-temperature water would be heated t o  
sendout temperature (146°C) by passing i t  through the  heat exchangers of the  
three l a rger  machines, achieving a two-stage heating process t o  improve thermo- 
dynamic efficiency.  The eighth and f i na l  cogeneration u n i t ,  t o  be i n s t a l l ed  a f t e r  
the  DH system has reached nearly f u l l  growth, would add 335 MW of thermal capacity, 
bringing the  to ta l  cogeneration heat production capacity t o  1516 MW. 
For the  main transmission pipeline,  a design sendout temperature of 146°C 
(295°F) was chosen because i t  can be obtained from the natural point of steam 
extraction from converted turbines.  A lower design temperature would not decrease 
the  amount of e l ec t r i c a l  generation sacr i f i ced .  The nominal return temperature i s  
60°C (140°F) f o r  the  coldest  day. 
The two-way transmission system (sendout and re turn)  fo r  Scenario A i s  shown 
diagramatically in Figure 2. The to ta l  length of dual pipeline i s  about 50 km (30 
miles) .  For Scenario A, the  transmission network terminates a t  29 nodes, indi-  
cated by dots i n  Figure 2. A t  these points, the d i s t r ibu t ion  subsystem i s  con- 
nected to  the  transmission system, via heat exchangers. The d i s t r ibu t ion  subsystem 
operates a t  a temperature of 130°C (266"F), t o  permit the  use of prefabricated 
pipes. Auxiliary peak-load and standby boi lers  a r e  located a t  the  nodes, t o  allow 
the  transmission pipelines t o  be sized to  transport  only cogenerated heat - 
roughly half the  peak load. This approach to  s i t i n g  permits the  boi lers  t o  a c t  as 
reserve uni ts  not only f o r  cogeneration uni ts  but a1 so f o r  transmission pipel ine 
outages. I t  i s  recognized t h a t  su i tab le  s i t e s  may not be found fo r  a l l  boi lers  
and adjustments will be necessary in a deta i led network design. (The same reason- 
ing i s  followed f o r  s i t i n g  TES; Heat Storage Wells would be located a t  the  nodes.) 
Figure 2. Hot-water transmission network 
fo r  Scenario A. ST PAUL 
(Source: Studsvi k )  
Table 1 shows the  estimated capi ta l  investment costs  f o r  the three  subsys- 
tems of the  reference (Studsvik) cogeneration-DH system t h a t  may be affected by 
use of aquifer  TES: the  cogeneration capacity, the  boi lers ,  and the  transmission 
pipelines.  The t o t a l  cos t  of cogeneration plant i s  divided i n to  components which 
a r e  of i n t e r e s t  when TES i s  included in the system. Studsvik t r e a t s  the cos t  of 
the  new 110 MW backpressure turbine  a s  zero f o r  the  following reasons: i t  will be 
ins ta l l ed  in  building space vacated some time ago, and matched t o  an exis t ing 
boiler;  a cos t  est imate of $12 million ($218/kW e l e c t r i c )  was obtained from a tur- 
bine manufacturer, and the  value of the  turbogenerator f o r  peak load e l e c t r i c  gen- 
era t ion is  estimated t o  roughly match t h i s  cost;  therefore,  t he  un i t  involves zero 
net equivalent conversion cost .  
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TABLE 1 . Estimated c a p i t a l  investments (mi 11 ions  o f  1978 $US) . 
Cogeneration p l a n t  (1 516 thermal megawatts capac i ty )  : 
Conversion o f  t h ree  newest machines f o r  e x t r a c t  i o n  
o f  727 MW 14.0 
Adding new backpressure machine, 110 MW -0- 
Conversion o f  t h ree  01 d machines f o r  e x t r a c t i o n  
o f  344 iVlW 12.0 
Adding new t u r b i n e  t o  produce 335 MW - 29.0 
TOTAL 55.0 
B o i l e r s  f o r  peak and standby loads o f  1523 MW a t  
$43 per  thermal k i  1 owat t  66.0 
Transmi ss ion p i  pel i ne network, i n s t a l  1 ed 105.0 
The costs o f  t h e  d i s t r i b u t i o n  subsystem and o f  conver t ing  b u i l d i n g s  t o  use 
hot-water heat a re  subs tan t ia l  b u t  are n o t  shown because they are  not  a f fec ted  by 
use o f  TES. 
For the  mature cogeneration-DH system proposed by Studsvik, the  est imated 
annual f u e l  consumption and savings are  shown i n  Table 2. 
TABLE 2. Annual energy consumption and savings, reference system. 
TWH P J TBtu MBOE* 
Gas saved 9.23 33.2 31.5 4.94 
O i  1 burned -1.20 - 4.3 - 4.1 -0.64 
Coal burned -2.75 - 9.9 - 9.4 -1.47 
NET SAVINGS 5.28 47.4 18.0 2.83 
* 
M i l l i o n  b a r r e l s  o f  o i l ,  equivalent .  
The saving i n  gas shows the  f u e l  saving o f  consumers o f  gas, o i l ,  o r  what- 
ever a l t e r n a t i v e  f u e l  might have been used ins tead o f  d i s t r i c t  heat serv ice.  
Th is  f u e l  saving i s  deduced by Studsvik on the  assumption t h a t  t h e  e f f i c i e n c y  o f  
t he  average consumer's b o i l e r ,  burning gas o r  o i l ,  i s  70 percent: t he  t o t a l  heat 
de l i ve red  t o  consumers by d i s t r i c t  heat ing  serv ice  du r ing  t h e  year, 6,461 TWH, i s  
d i v ided  by 0.7 t o  f i n d  the  energy saved. 
The negat ive saving i n  o i l  consumption i s  t h e  amount o f  o i l  needed t o  f i r e  
the  peak load and standby b o i l e r s  a t  90 percent e f f i c i e n c y .  
The negat ive saving i n  coal  g ives t h e  equ iva lent  increase i n  coal consumption 
i f  coal - f i r e d  p lan ts  a re  used t o  produce the e l e c t r i c i t y  s a c r i f i c e d  due t o  cogen- 
e r a t i o n  o f  h o t  DH water. I t  i s  computed as the  l oss  o f  e l e c t r i c i t y  due t o  cogen- 
e r a t i o n  d i v ided  by an e f f i c i e n c y  f a c t o r  o f  0.4 t o  convert  t o  coal i n p u t  f o r  
e l e c t r i c i t y  product ion i n  a condensing power s t a t i o n .  
The e l e c t r i c i t y  s a c r i f i c e d  i s  found by mu1 ti p l y i n g  t h e  cogenerated heat pro- 
duc t ion  by a f a c t o r  614 which i s  approximately 0.2.; i .e., 200 MWH o f  e l e c t r i c i t y  
i s  l o s t  per  1OOO MWH o f  cogenerated heat. A t  40 percent  e f f i c i e n c y ,  a coal  p l a n t  
(solnewhere i n  t h e  system) would burn 500 HWH o f  coal  t o  rep lace the  e l e c t r i c i t y  
s a c r i f i c e d  i n  cogenerat ing 1000 MWH o f  heat.  A b o i l e r  a t  90 percent e f f i c i e n c y  
would burn 1111 MWH o f  f u e l  t o  produce 1000 MWH o f  heat; t he  t r a d e o f f  i s  a good 
one. 
Anal-ysis - . o f  DH System w i t h  TES 
The c a p i t a l  investment requirements and f u e l  consumption o f  t h e  Twin C i t i e s  
system as proposed, w i t h  no TES, are compared t o  those o f  systems w i t h  TES and 
serv ing  i d e n t i c a l  heat  loads. The comparison prov ides a measure o f  t he  value o f  
TES i n  a s p e c i f i c  system. Some o f  t he  ground r u l e s  and assumptions are: 
The reference c o g e n e r a t i o n - d i s t r i c t  heat ing  system i s  t h a t  proposed by 
Studsvik.  To f a c i l i t a t e  comparison aga ins t  the reference system, Studsv ik 's  data 
on costs and performance, and t h e i r  methodology f o r  ana lys i s  o f  systems, a re  
u t i l i z e d  wherever poss ib le .  
Only the  mature system i s  considered. The assumption i s  t h a t  TES devices 
would have been incorpora ted  i n t o  t h e  system dur ing  t h e  20 years from incep t i on  
t o  ma tu r i t y .  
Annual-cycle TES i s  o f  p r i n c i p a l  i n t e r e s t .  The o n l y  annual-cycle TES 
technology t o  be considered i s  storage o f  h o t  water i n  aqu i fe rs .  
A v a i l a b i l  i t y  o f  s u i t a b l e  aqu i fe rs  f o r  thermal s torage i s  assumed. 
e Because a q u i f e r  TES i s  s t i l l  i n  t he  development stage and i t s  cos t  and 
performance are  speculat ive,  a f u l l  cos t -bene f i t  ana l ys i s  i s  n o t  attempted a t  
t h i s  t ime. Instead, t he  p o t e n t i a l  b e n e f i t s  a re  o f  p r i n c i p a l  i n t e r e s t .  How much 
investment i n  b o i l e r s ,  cogenerat ion equipment, and t ransmiss ion p i p e l i n e s  might  
be avoided i f  TES were used? How much l e s s  o i l  would be burned i f  TES displaced 
some o r  a l l  o f  the  b o i l e r s ?  How much more coal would have t o  be burned? What i s  
t h e  breakeven o r  a l lowab le  cos t  o f  a q u i f e r  TES? 
U t i l i z i n g  the  heat-cogenerat ion p l a n t  a t  as h igh  a capac i ty  f a c t o r *  as 
poss ib le  i s  des i rab le .  
The temperature drop between ho t  water i n t o  and h o t  water o u t  o f  TES does 
n o t  appear t o  be a subs tan t i a l  problem i n  t h e  proposed Twin C i t i e s  system, 
because t h e  system incorporates a drop from 146OC (295°F) t o  130°C (266°F) a t  the  
nodes where most o f  the  TES would be located; and the  r a t i o  o f  s to red  heat t o  
t ransmi t ted  heat  u s u a l l y  i s  f a i r l y  small, so t h a t  b lend ing  w i l l  m i  t i g a t e  the  
temperature drop. 
- 
*-- -
Capacity f a c t o r  i s  de f ined as t h e  r a t i o  o f  average l oad  on a machine o r  equip- 
ment f o r  the  pe r iod  o f  t ime considered t o  the capac i ty  o f  t h e  machine o r  
equipment (IEEE Std. 346-1974). 
Aqu i fe r  TES 
Figure 3 i l l u s t r a t e s  schemat ica l ly  t he  Heat Storage Well concept o f  annual- 
c y c l e  TES a t  low cos t  and low heat  loss .  Two water  w e l l s  a re  d r i l l e d  deep enough 
- say, 500 t o  1000 f e e t  - t o  prov ide  s u f f i c i e n t  h y d r o s t a t i c  heat  t o  main ta in  
superheated water i n  l i q u i d  form, and t o  avo id  a q u i f e r s  used f o r  water supply. 
The two w e l l s  o f  t he  doublet  comprise a c losed h y d r a u l i c  system; water pumped from 
one w e l l  i s  i n j e c t e d  i n t o  the  companion we l l ,  severa l  hundred f e e t  away. The 
heat-storage medium i s  t h e  porous rock  comprising the  a q u i f e r  and t h e  water f i l l -  
i n g  the  pores, together  w i t h  the  r e l a t i v e l y  impervious a q u i f e r  cap and bottom. 
The energy storage capac i t y  i s  very l a r g e  - t h e  a q u i f e r  may be 100 f e e t  t h i c k ,  
and the  h o t  water may extend 300 o r  more f e e t  r a d i a l l y  f rom the  w e l l  - a n d  costs 
e s s e n t i a l l y  nothing. The TES capac i ty  - t h e  r a t e  a t  which heat  can be s to red o r  
withdrawn from storage - i s  determined by t h e  s i z e  o f  t he  we l l s ,  t he  pumps 
employed, and the  f l o w  parameters o f  the  aqu i fe r .  A reasonable est imate i s  t h a t  
a Heat Storage We1 1 doublet  may have a 15-megawatt thermal capac i ty .  Mu1 t i p l e  
w e l l s  a re  employed t o  ob ta in  l a r g e r  capac i t i es .  Thus, i n  con t ras t  t o  most TES 
components, o n l y  the  power capac i ty  determines t h e  cos t  o f  storage. 
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Figure 3. Schematic diagram o f  Heat Storage Well doub le t  opera t ion .  
Somewhat as w i t h  r o o t  c e l l a r s  and i c e  caves, n a t u r a l  rocks and sand i n s u l a t e  
t h e  h o t  water s to red  i n  an aqu i fe r .  Three- four ths o r  more o f  t he  s to red  heat 
would appear t o  be recoverable a f t e r  s i x  months o r  longer  (Meyer, Hausz, e t  a l ,  
1976; AYES NewsZetter, September 1979, repo r t s  by Mol z  and Tsang) . This remains 
t o  be demonstrated on the  necessary scale w i t h  water i n j e c t e d  a t  temperatures 
above 100°C. 
Cases Studied 
Four study cases were developed t o  describe p o t e n t i a l  DH system conf igura-  
t i o n s  which would incorpora te  TES and s a t i s f y  the  same heat loads and p i p e l i n e  
losses as the  reference system. 
Each study case was analyzed month by month t o  f i n d  the  heat product ion 
requ i red  t o  s a t i s f y  consumer heat loads, p i p e l i n e  losses, and a nominal 25 per- 
cent heat l oss  from a q u i f e r  TES. (Losses o f  35 and 15 percent were a l so  consid- 
ered b u t  t h e  r e s u l t s  are n o t  repor ted  here.) 
When heat demand exceeds a v a i l a b l e  cogeneration heat-product ion capacity,  
TES i s  requ i red  t o  d e l i v e r  heat. When ava i lab le-  cogeneration heat-product ion 
capaci ty  exceeds demand, excess capac i ty  i s  used as appropr ia te  to'  produce ho t  
water t o  be stored. Maximum storage i s  scheduled dur ing  months j u s t  preceding 
the  w i n t e r  months o f  peak heat demand. This,min imizes t h e  storage t ime and the  
amount o f  h o t  water stored, hence the  heat l o s t  i n  storage. 
RESULTS 
The f o u r  cases were developed sequent ia l l y .  The r a t i o n a l e  and system conf ig -  
u r a t i o n  f o r  each case are  discussed i n  what fo l lows.  The r e s u l t s  are surmarized 
i n  Table 3. The e f f e c t s  on c a p i t a l  investment requirements and f u e l  consumption, 
and the  a1 lowable (breakeven) cos t  o f  TES, w i l l  then be presented and discussed. 
TABLE 3. Summary o f  e f f e c t s  o f  TES on system con f igu ra t i on  and performance. 
-- - - - -  - -  
COGENERATION 
Extract ion:  MW Capacity 
Annual TWH 
10-month CF 
Backpressure: MW Capacity 
Annual TWH 
Annual CF 
Total:  MW 
Annual TWH 
Elec. sacr i f iced.  TWH 
BOILERS 
Peak : MW Capacity 
Standby: MW Capacity 
Total : MW Capacity 
Annual TWH 
Annual CF 
HEAT STORAGE WELLS 
At  Nodes : MW Capacity 
Annual TWH 
At  Plant:  MW Capacity 
Annual TWH 
Total:  HW Capacity 
Tota l  annual TWH stored 
Approx. annual TWH l o s t  
( a t  0.75 recovery f r a c t i o n )  
TRANS. PIPELINES (lumped) 
Peak capacity required, M 
Annual capacity fac to r  
.. . -.:. .  . - - . -- 
Studsvik ' s  
Scenario A 
Reference 
case. 
CASE 1 
Base case. 
No bo i le rs .  
Same cogen. 
capacity as 
r e f .  case. 
CASE 2 CASE 3 
Convert on ly  new 
Reduce cogen. turbines. Add 
capacity by backpressure 
344 W t h  o f  u n i t s .  TES a t  
o l d  turbines. nodes only .  
CASE 4 
Minimize pipe- 
l i n e  s ize.  
TES a t  both 
p l a n t  and 
nodes. 
Case 1  i s  a  s tudy o f  r e p l a c i n g  b o i l e r  capac i t y  w i t h  a q u i f e r  TES capaci ty .  
It shows t h a t  a l l  b o i l e r s  cou ld  be replaced w i t h  a q u i f e r  s torage w i t h o u t  exceed- 
i n g  capac i ty  f a c t o r  c o n s t r a i n t s  on the  reference-system cogenerat ion equipment. 
Case 2 i s  a  s tudy o f  how much heat cogenerat ion capac i t y  may be removed from 
t h e  Case 1  c o n f i g u r a t i o n  w i t h o u t  exceeding capac i ty  f a c t o r  c o n s t r a i n t s  on the  
cogenerat ion p lan t .  I t  shows t h a t  t he  344 MW o f  heat  p roduct ion  capac i ty  
obta ined by conver t ing  the  th ree  o l d  machines could be dispensed w i th .  
Case 3  examines the  b e n e f i t s  o f  us ing  as much backpress'ure capac i ty  as i s  
r e a l i s t i c a l l y  possib le.  Some e x t r a c t i o n  capac i ty  i s  re ta ined:  t h e  th ree  newest 
t u rb ines  are  converted f o r  crossover e x t r a c t i o n  t o  g i ve  727 MW o f  heat capaci ty ,  
needed du r ing  the f i r s t  t h ree  years o f  implementat ion o f  t h e  DH system. 
Using more backpressure capac i ty  than i n  t he  re ference case becomes f e a s i b l e  
w i t h  TES because the  cogenerated heat  can always be e i t h e r  used o r  s tored.  There 
i s  no need f o r  c o l d  condensing. The c a p i t a l  cos t  t o  be amort ized from e l e c t r i c -  
i t y  and heat revenues i s  lower than when e x t r a c t i o n  machines a re  used because 
the re  a re  no low-pressure stages, c o l d  condenser, and c o o l i n g  water f a c i l i t i e s  t o  
s tand i d l e  du r ing  maximum heat  product ion.  F u l l  advantage can be taken o f  the  
i n h e r e n t l y  smal le r  s ize,  lower cost,  and s l i g h t l y  b e t t e r  cogenerat ion e f f i c i e n c y  
o f  t he  backpressure t u r b i n e  as compared t o  the  e x t r a c t i o n  tu rb ine .  (The ex t rac-  
t i o n  mode i s  s l i g h t l y  l ess  e f f i c i e n t  because even a t  f u l l  e x t r a c t i o n  a  small 
amount o f  steam must be b l e d  through t h e  low pressure stages f o r  temperature 
c o n t r o l  , then condensed a t  a l o s s  o f  rough ly  2300 J /kg  (1000 Btulpound) . ) 
A  key p o i n t  t o  be made i s  t h a t  use o f  TES expands the  r o l e  o f  t h e  backpressure 
turbogenerator  used i n  a  DH system. It i s  no longer  t o  be regarded as b a s i c a l l y  a  
source o f  d i s t r i c t  heat  w i t h  e l e c t r i c i t y  as a  byproduct, o r  v i c e  versa. It can be 
operated t o  produce e l e c t r i c i t y  a t  a  lower heat  r a t e  than base-load power p lan ts  
(e.g., 1.29 kwh thermal per  kwh e l e c t r i c ;  4400 Btu/kWhe), w i t h  heat as a  byproduct; 
o r  t o  produce d i s t r i c t  heat  i n  t h e  most e n e r g y - e f f i c i e n t  way w i t h  e l e c t r i c i t y  as a  
byproduct; o r  as a  h i g h - e f f i c i e n c y  low-cost producer o f  e l e c t r i c i t y  and heat as 
j o i n t  products. There i s  a  l i m i t a t i o n :  enough heat must be produced a t  appropr ia te  
t imes t o  charge TES, so t h a t  heat  from TES w i l l  be a v a i l a b l e  when needed. However, 
there  i s  considerable l a t i t u d e  i n  choosing the  appropr ia te  t imes. 
F igure 4  i l l u s t r a t e s  g r a p h i c a l l y  the  use i n  Case 3  o f  l e s s  cogenerat ion capac- 
i t y ,  a t  a  h igher  capac i ty  f ac to r ,  w i t h  TES, and w i t h  no b o i l e r s ,  t o  s a t i s f y  the 
same heat demand as the  reference system shown e a r l i e r  i n  F igure 1. 
Case 4  explores t h e  e f f e c t s  o f  us ing  TES both a t  t h e  p l a n t  and the  nodes, 
r a t h e r  than on l y  a t  the  nodes, i n . o r d e r  t o  minimize the  t ransmiss ion p i p e l i n e  s ize .  
This  i s  a  l i m i t i n g  case: t he  ana lys is  i s  made on the  bas is  o f  a  s i n g l e  p i p e l i n e  
opera t ing  year-round a t  f u l l  capac i ty ,  which obv ious ly  would never be t h e  ac tua l  
s i t u a t i o n .  It shows t h a t  a  subs tan t i a l  reduc t i on  i n  p i p e l i n e  s i z e  i s  poss ib le  (up 
t o  43 percent) ,  saving c a p i t a l  cost ,  pumping power, and heat loss .  
Cap i ta l  Cost Benef i ts  and . A l lowable . - - - 
. - - - TES - @t _ ( i n  1978 $US) 
Table 4  summarizes the  c a p i t a l  investment cos ts  o f  t h e  reference system t h a t  
may be avoided by  use o f  TES (assuming a  heat  recovery f r a c t i o n  o f  0.75). I n  
HOURS 
Figure 4. Load curve f o r  Case 3, showing cogeneration and annual-cycle storage. 
TABLE 4. Cap i ta l  cos t  savings and breakeven cos t  o f  TES. 
- 
--- ---= - - - - -  - - - - - .. - .. - 
Case: 1 2 3 4 
Cap i ta l  costs avoided, $M 66 9 2 110 122 
TES capacity,  MWt 1523 1867 1872 2253 
Breakeven cos t  o f  TES, $/kWt 
- 
4 3 49 59 54 
-- - - - - - . - -- - - - - - - 
- . --  .  - - - - - - - - 
Case 1, f o r  example, t he  $66 m i  11 i o n  represents t h e  cos t  o f  bo i  1 ers replaced by 
TES. Other cases inc lude,  i n  a d d i t i o n  t o  t h e  cos t  o f  t h e  b o i l e r s ,  reduced cos t  
o f  cogeneration equipment and o f  t h e  transmission p ipe l i ne .  
Even though the  requ i red  amount o f  a q u i f e r  TES increases f o r  each successive 
case, the breakeven o r  a1 1 owabl e c a p i t a l  cos t  per k i  1 owat t  o f  TES capac i ty  a1 so 
increases, because o f  c a p i t a l  costs avoided. 
Un l ike  o t h e r  TES devices, t he  cos t  o f  a q u i f e r  TES i s  almost e n t i r e l y  deter-  
mined by t h e  megawatt (power-related) capaci ty .  The storage medium (water) , the 
containment (aqu i fe r ) ,  and the  i n s u l a t i o n  (sand and rock)  c o s t  no th ing  once w e l l s  
a re  d r i l l e d ;  t he  on ly  energy-related cost, f o r  pumping, i s  very  low. A very rough 
est imate o f  t h e  c a p i t a l  cos t  o f  t h e  a q u i f e r  storage i s  $23 t o  $50 per  peak thermal 
k i l o w a t t  i n t o  o r  o u t  o f  storage. Th is  rough est imate remains t o  be v e r i f i e d  by 
f i e l d  i n s t a l l a t i o n s  and tes ts .  
Fuel Consumption and Energy Benefi  t s  
For the  reference system and f o r  t h e  systems w i t h  TES, t h e  gas ( o r  o i l ,  o r  
o the r  a1 t e r n a t i v e  f u e l )  n o t  used by consumers o f  d i s t r i c t  heat  amounts t o  9.23 
293 
thermal TWH per year  (31.5 t r i l l  ion Btu) and would cos t  about 1.61 mil 1 ion 1978 
do l la r s .  This is t he  basic energy-conservation benef i t  'of a Twin Ci t i es  
cogeneration-distr ict  heating system. 
Peak load and standby boi lers  required f o r  the reference system would burn 
about 1.20 thermal TWH of o i l  per year (0.64 m i  11 ion ba r r e l s ) .  These boi lers  a re  
not needed i n  the  systems w i t h  TES; the  o i l  i s  replaced by coal used i n  cogenera- 
t ion.  This i s  an important fuel -subst i tu t ion benef i t  of the  TES system. 
Cogeneration plants s ac r i f i c e  some e l ec t r i c a l  generation i n  order t o  produce 
useful heat instead of waste heat. To replace e l e c t r i c i t y  sac r i f i ced  i n  cogener- 
a t ing  heat, the reference system requires burning about 2.75 thermal TWH of coal 
per year (0.39 mill ion tons) ,  a t  a cost  of $11 mil l ion .  The net  annual savings 
in fuel cos t  and energy fo r  the reference system a re  then about $131 mill ion and 
5.28 thermal TWH, equivalent t o  2.83 mill ion barre ls  of o i l .  
Systems with TES burn no o i l  and save the  same amount of gas a s  the  refer-  
ence system. Pa r t i a l l y  o f f se t t ing  the  saving in o i l  i s  the  extra  coal t h a t  must 
be burned t o  provide heat otherwise produced by bo i le r s ,  and t o  nake up t he  heat 
l o s t  i n  s torage.  The net  annual thermal energy and fuel  cos t  savings f o r  the  
cases studied a r e  summarized i n  Table 5. 
The fuel cos t  savings a re  a fac tor  in evaluating the  breakeven operating 
cost  of TES. 
TABLE 5. Net annual energy and fuel cos t  saved by TES. 
- -~ - - -  - - -  I case: I 2 3 4 
- - - - 
Net thermal energy savings 
TWHlyr 6.03 5.43 5.46 5.37 
TBtu/yr 20.6 18.5 18.6 18.3 
* MBOE/yr 3.22 2.91 2.92 2.87 
I % over reference system 14 3 3 1 
Fuel cost  saving compared 
t o  reference system, $M/yr 16 14 14 14 
* 1 Mill ion bar re l s  of o i l ,  equivalent 
Concl usions 
The potential  benefi ts  of incorporating aquifer  TES into  the  proposed Twin 
C i t i es  cogeneration-distr ict  heating system include: 
8 Saving the  cost  of i n s t a l l i ng  boi lers  
8 Avoiding problems of s i t i n g  boi lers  a t  each transmission node 
8 Avoiding a i  r-poll ution problems of dispersed boi lers  
8 Replacing o i l  burned in boilers with coal burned a t  central  cogeneration 
pl ants  
8 Reducing net energy consumption and cost  
8 Operating cogeneration equi pment a t  higher capaci t y  fac tor ,  t o  reduce 
cost  of both e l e c t r i c i t y  and heat 
r Permi t t i ng  more economic cogeneration, w i t h  backpressure tu rb ines  ins tead 
o f  e x t r a c t i o n  tu rb ines  
0 Reducing t h e  amount o f  cogeneration capaci ty  requ i red  
Reducing thermal pol  1 u t i o n  from power p lan ts  
Reducing t h e  need f o r  coo l i ng  water o r  towers 
Reducing size, cost, and heat  losses o f  t ransmission p ipe l ines .  
Annual -cyc le  a q u i f e r  storage appears capable o f  p rov id ing  these b e n e f i t s  . 
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